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ABSTRACT 

DNA replication initiation proteins (Reps) are sub- 
jected to degradation by cellular proteases. We 
investigated how the formation of nucleoprotein 
complex, involving Rep and a protease, affects 
Rep degradation. All known Escherichia coli AAA+ 
cytosolic proteases and the replication initiation 
protein TrfA of the broad-host-range plasmid RK2 
were used. Our results revealed that DNA influences 
the degradation process and that the observed 
effects are opposite and protease specific. In the 
case of CIpXP and CIpYQ proteases, DNA abolishes 
proteolysis, while in the case of CIpAP and Lon pro- 
teases it stimulates the process. CIpX and CIpY 
cannot interact with DNA-bound TrfA, while the 
CIpAP and Lon activities are enhanced by the for- 
mation of nucleoprotein complexes involving both 
the protease and TrfA. Lon has to interact with 
TrfA before contacting DNA, or this interaction can 
occur with TrfA already bound to DNA. The TrfA 
degradation by Lon can be carried out only on 
DNA. The absence of Lon results with higher stabil- 
ity of TrfA in the cell. 

INTRODUCTION 

In bacteria, many important cellular processes are 
mediated by AAA+ proteases (1,2). These proteolytic 
machines consist of two functional units acting together: 
an ATP-dependent unfoldase that is a molecular chaper- 
one belonging to the AAA+ (ATPase associated with 
various cellular activities) protein superfamily, and a pep- 
tidase unit forming the proteolytic chamber accessible to 
unfolded substrate proteins (3). In Escherichia coli, four 
cytosolic AAA+ proteases have been identified to date: 
ClpXP, CIpAP, ClpYQ (also referred to as HslUV) and 
Lon (1). Hexameric Lon consists of unfoldase and peptid- 
ase units within a single polypeptide chain (4). For the 



other proteases, the ATPase unit forms a hexameric ring 
that interacts with the multimeric peptidase (3). The spe- 
cificity of the ATPase unit is a key factor preventing un- 
controlled cellular protein degradation. The recognition is 
based either on detection of hydrophobic stretches within 
the substrate protein or by binding to specific motifs called 
degrons and it can be affected by adaptor proteins (5-7). 

DNA replication is one of the fundamental cellular 
processes affected by proteases and molecular chaperones. 
Chaperone proteins take part in the activation of replica- 
tion initiation proteins or in the remodeling of nucleopro- 
tein complexes, while proteases are involved in the 
degradation of replication initiators (Reps). In E. coli 
molecular chaperones convert Rep multimers to mono- 
mers which allows the replication initiators to specifically 
interact with direct repeats (iterons) located within repli- 
cation origins (8-11). The molecular chaperones able to 
process Rep proteins are often involved in proteolysis of 
these proteins, functioning as unfoldase units of ATP- 
dependent proteases. The action of these proteases limits 
the half-life of Rep initiator proteins in cells which is im- 
portant for replication initiation. It has been demon- 
strated that the initiator proteins of bacteriophages 
lambda and Mu and plasmid RK2 are proteolysed by 
E. coli ClpXP (12-14). Protease CIpAP degrades Rep of 
plasmid PI (15). It was also shown that eukaryotic repli- 
cation proteins are affected by chaperones and proteases 
(16,17). 

The RK2 plasmid (for a recent review see 18) is a 60 kbp 
broad-host-range replicon which replicates and is stably 
maintained in essentially all Gram-negative bacteria 
tested. The binding of the RK2 replication initiation 
protein TrfA to the iterons located within RK2 origin of 
replication (oriV) leads, through subsequent steps, to the 
formation of the replication complex. Similar to other 
plasmid and eukaryotic initiators, wild-type TrfA 
contains two winged helix (WH) domains (13,19) and 
exists largely in the form of a dimer, however it strongly 
binds iteron DNA as a monomer (20). Dimeric wild- type 
TrfA is inert in the in vitro replication assays unless it is 



*To whom correspondence should be addressed. Tel: +48 585236325; Fax: +48 585236427, Email: igor@biotech.ug.gda.pl 
© The Author(s) 2011. Published by Oxford University Press. 

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/ 
by-nc/3.0), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. 



Nucleic Acids Research, 2012, Vol 40, No. 3 1149 



incubated with the E. coli ClpX or E. coli ClpB and 
DnaK, DnaJ and GrpE chaperones (8,9). This increases 
the proportion of TrfA monomers and, therefore, the 
ability of this protein to bind to iterons. TrfA dimers 
inhibit RK2 replication by origin pairing process termed 
'handcuffing' (18). The proteolysis of both forms of TrfA 
should be important, given that this replication initiator 
does not have the autorepression regulatory mechanism 
which is common for most known Rep proteins (19). It 
has been demonstrated that ClpXP degrades TrfA both 
in vivo and in vitro, however this proteolysis is limited to 
the dimeric form of the protein (13). 

In this work we investigated the effects of DNA on the 
activity of all E. coli cytosolic AAA+ proteases toward the 
replication initiator TrfA. Our experiments were focused 
on elucidation of the mechanisms accounting for these 
effects. 



MATERIALS AND METHODS 

Bacterial strains, oligonucleotides and plasmids 

Escherichia coli strains used in this study were C600 and 
its derivatives: SG12050 (C600 clpP::Cm r ) and ATC12017 
(C600 lon510) (21). Oligonucleotides used for cloning of 
the E. coli Ion gene were: 5'-AATCCTGAGCGTTCTGA 
ACGCATT-3' and S'-GAGCATGCCTATTTTGCAGTC 
ACAACC-3'. DNA fragments used in the SPR experi- 
ments were obtained by hybridization of two comple- 
mentary single-stranded oligonucleotides which were 
purchased from a commercial source (Thermo 
Scientific). S'-terminally biotinylated double-stranded 
DNA fragments used for the SPR analysis were: fragl 
^-CCTGCGGTATTGACACTTGAGGGGCGCGACT 
ACTGACAGATGA GGGGCGCGATCCTTGACACT 
TGAGGGGCAGAGTGATGACAGATGAGGGGCG 
CACCTATTGACATTTGAGGGGCTGTCCACAGGC 
AG-3') and frag2 (5'-AGCTCACAATTCCACACA 
ACAT ACGAGCCGGAAGCATAAAGTGTAAAGCC 
TGGGGTGCCTAATGAGTGAGCTAACTCACATTA 
ATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCG 
GGAAACCTGTCGT-30- Plasmids pAT30 carrying the 
genes for His6-TrfA-33 or its mutant variants 
His6-TrfA-33 G254D/S267L and His6-TrfA-33 P151S/ 
G254D/S267L were used for purification of TrfA. 
Plasmids pBAD24ClpX and pSK20 were used for purifi- 
cation of ClpX and ClpP, respectively. Plasmid 
pUHE21-2fdA12-ClpA for overproduction and purifica- 
tion of ClpA was a kind gift from Prof. Bernd Bukau 
(ZMBH, Heidelberg). Plasmids P ET12b-His6-ClpY and 
pET12-ClpQ-His6 were kindly provided by Prof. 
Matthias Bochtler (IMCB, Warsaw). The plasmid used 
for purification of Lon protease (pBADLon) was con- 
structed by inserting the PCR-amplified fragment contain- 
ing lon gene between Ncol and SphI sites of pBAD24. 
Plasmid pBK20 is a pUC19 vector with five oriV iterons 
inserted into its BamHI site (22) and was purified from 
E. coli cells by alkaline lysis and isopropanol precipitaion 
followed by two centrifugations in cesium chloride 
gradient. Plasmids pRRlO and pTJS42 are minireplicons 
of the RK2 plasmid (22). 



Protein purification and determination of proteolytic 
activity 

Experiments described in this study utilized highly purified 
proteins (95% or higher purity). All TrfA preparations 
used in the experiments were N-terminally histidine- 
tagged 33kDa versions of the protein. Purification of 
TrfA variants including wt TrfA, TrfA G254D/S267L 
and TrfA P151S/G254D/S267L was performed essentially 
as described in (20). Published protocols were applied for 
purification of ClpA (23), ClpP (24), ClpY (25), ClpQ (26) 
and Lon (27). ClpX was purified using a combination of 
ion-exchange chromatography methods described previ- 
ously (13). The proteolytic activity of Clp and Lon 
proteins was measured using modified method described 
previously (24) with oc-casein as a substrate for ClpAP, 
ClpYQ and Lon, and XO protein for ClpXP. Proteolysis 
of excess substrate was carried out for 15min as described 
for the in vitro proteolysis assay. Specific activities for both 
components of the Clp proteases were measured by 
keeping one component limiting and using a saturating 
amount of the other component. The amount of 
degraded substrate was estimated after SDS-PAGE, 
Coomasie staining and densitometry analysis. A unit of 
activity was defined as the degradation of 1 mg of sub- 
strate protein per hour. 

In vitro proteolysis assay 

Standard proteolysis reaction had a volume of 25 or 50 ul 
and contained 1.5 jug TrfA and various amounts of prote- 
ases in the reaction buffer (40 mM HEPES-KOH pH 7.6, 
25 mM Tris-HCl pH 7.6, 4% (w/v) sucrose, 4mM 
dithiothreitol, 80 (ig/ml BSA, 1 1 mM magnesium acetate, 
4mM ATP). The reactions were incubated for 2 h at 32°C, 
stopped by the addition of 4x Laemmli buffer and 
analyzed by SDS-PAGE followed by Coomasie brilliant 
blue staining. To determine the amount of TrfA in each 
reaction, densitometric analysis was applied with Gel-Doc 
2000 Imaging System (Bio-Rad) and Scion Image software 
(Scion Corp). 

In vivo protein stability 

The in vivo TrfA stability tests were performed as previ- 
ously described (13). Strains used for the assay were E. coli 
C600 and its protease-deficient derivatives SG12050 
(clpP~), ATC12017 (lon~) carrying pAT30 vectors for 
overproduction of wt TrfA, TrfA G254D/S267L or TrfA 
P151S/G254D/S267L. 

Plasmid stability tests 

Plasmid stability tests were performed essentially as 
described (28). To assay the stability of RK2 minireplicon 
in protease-deficient bacteria the cells of E. coli strains 
C600, SG12050 and ATC12017 carrying pRRlO plasmid 
were grown in LB medium supplemented with ampicillin 
(100|ig/ml) at 30°C to OD 600 = 0.5. The cells were then 
diluted into medium without antibiotics and kept in the 
exponential phase of growth by sequential dilutions for at 
least 100 generations. To assay the stability of RK2 
minireplicon in Lon-overproducing bacteria the cells of 
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E. coli carrying pTJS42 (tetracycline resistance) and either 
pBAD24 or pBADLon (ampicillin resistance) plasmids 
were grown in LB medium supplemented with tetracycline 
and ampicillin at 30° C to OD 60 o = 0.5. The cells were then 
diluted into medium with only ampicillin and kept in the 
exponential phase of growth for no less than 40 gener- 
ations. Medium was supplemented with 0.002% arabinose 
to induce Ion expression. The rates of plasmid loss per 
generation were calculated as previously described. 

Surface plasmon resonance analysis 

Standard surface plasmon resonance (SPR) analyses using 
BIAcore 2000 were performed essentially as described in 
the manufacturer's manual. DNA binding by TrfA 
variants was studied using biotinylated, double-stranded 
DNA fragment containing five RK2 iterons immobilized 
on a streptavidin matrix-coated Sensor Chip SA. Running 
buffer used was HBS-EP (150mM NaCl, 10 mM HEPES 
pH 7.4, 3mM EDTA, 0.005% Surfactant P20). In all ex- 
periments buffer flow was set to 15|il/min and all injec- 
tions had a volume of 30 ul. The results are presented as 
sensorgrams obtained after subtraction of the background 
response signal from control experiments with buffer 
injections. 

Size exclusion chromatography 

To analyze the formation of a nucleoprotein complex, a 
column gel filtration method with Sepharose CL-4B was 
used. The reaction mixture (100 ul) included 6 ug of one of 
the following: ClpX, ClpA, ClpY or Lon and, if indicated, 
2 jig of supercoiled plasmid DNA and 6 jig of wt TrfA 
in the TrfA proteolysis reaction buffer. The mixtures 
were incubated for 2min at 32°C, applied on the CL-4B 
column (0.5 x 9 cm) and run in a column buffer (40 mM 
HEPES-KOH pH 7.6, 40 mM potassium glutamate, 4% 
(w/v) sucrose, 4mM dithiothreitol, lOmM magnesium 
acetate, 2mM ATP, 0.01% Brij-58). Two-drop (80 ul) 
fractions were collected and 40 ul samples from these frac- 
tions were analyzed by SDS-PAGE followed by silver 
staining. lOul samples from the fractions were run on 
agarose gel with ethidium bromide to visualize DNA. 

Sucrose gradient fractionation 

About 50 ul reactions containing 200 ng of Alexa Fluor 
(Invitrogen) labeled DNA (PCR-amplified 350-bp long 
fragment corresponding to RK2 oriV) and/or 6mg of 
either ClpA or Lon in proteolysis buffer were incubated 
at 32°C for 15min and applied on the top of a 15-40% 
sucrose gradient prepared by the rapid freezing of 0.5 ml 
layers of buffer (20 mM Tris-HCl pH 7.6, 2mM EDTA, 
7 mM b-mercaptoethanol, 1 mM spermidine) containing 
40, 35, 30, 25, 20 and 15% sucrose. Gradients were then 
centrifuged in SW 60 Ti Beckman rotor for 2h at 
46 000r.p.m. and fractionated. Fluorescently labeled 
DNA was detected in the collected fractions using 
DTX880 Multimode Reader (Beckman-Coulter). The 
amount of protein in the fractions was estimated by 
SDS-PAGE electrophoresis followed by silver staining 
and densitometric analysis. 



ELISA 

Binding of Clp chaperones and Lon to TrfA variants was 
analyzed by ELISA as described previously (13). Ten 
picomoles of BSA (negative control), ClpX, ClpA, ClpY 
and Lon were immobilized on the ELISA plate (Costar). 
Increasing amounts (1.25, 2.5, 5, 10, 20 and 40pmol) of wt 
TrfA, TrfA G254D/S267L or TrfA P151S/G254D/S267L 
were then incubated with the immobilized proteins, 
unbound proteins were washed away and the relative 
amount of bound TrfA was detected using 
immunoenzymatic assay with anti-TrfA antibodies. 

ATPase assay 

The ATPase activity of ClpX, ClpA, ClpY and Lon was 
measured using a coupled enzymatic assay. Experiments 
were performed essentially as previously described (29) 
with the following modifications: buffer used was 40 mM 
HEPES-KOH pH 7.6, 25 mM Tris-HCl, pH 7.6, 4% 
(w/v) sucrose, 4mM dithiothreitol, 80|ig/ml BSA, 
1 1 mM magnesium acetate and no denatured luciferase 
was added to the mixtures. Concentrations of ATPases 
were: 200 nM ClpX, 180nM ClpA, 1200nM ClpY, 
700 nM Lon and, where indicated, wt TrfA (857 nM) or 
supercoiled pBK20 plasmid DNA (2 ug) were added. The 
ATPase activity was estimated from the slope of dA 340 /dt 
curve as previously described (29). 



RESULTS 

TrfA proteolysis by AAA+ proteases in vitro 

To address the question if and how Rep interaction with 
DNA would affect protein processing by proteases we 
purified all E. coli cytosolic AAA+ proteases and con- 
ducted a variety of in vitro experiments with TrfA replica- 
tion initiator of RK2 plasmid. The obtained preparations 
of the E. coli ClpX, ClpA and ClpY ATPases and the 
ClpP and ClpQ peptidase subunits, as well as E. coli 
Lon protease were initially analyzed for their specific 
activity toward oc-casein or AO protein (see 'Materials 
and Methods' section). The results showed that specific 
activities of purified enzymes were comparable and 
varied in a range from 17 to 32 U/mg. 

We then tested the stability of wild-type, primarily 
dimeric TrfA during incubation with the purified AAA+ 
proteases. As a result of the synthesis of a single transcript 
containing two alternative in-frame start codons, expres- 
sion of wild-type trfA results in the synthesis of two 
forms of the TrfA protein: TrfA-33 and TrfA-44. 
Although the 44kDa TrfA protein is required in 
Pseudomonas aeruginosa, the 33kDa TrfA is sufficient 
for the RK2 plasmid replication in E. coli (18). Thus, 
during the course of this study only 33kDa TrfA 
variants were used. Samples taken during the TrfA 
in vitro stability tests with E. coli AAA+ proteases were 
analyzed electrophoretically (Figure 1). When wild- type 
TrfA was incubated with ClpXP, we observed substantial 
protein degradation. This result was expected and similar 
to the one described previously (13). TrfA incubation with 
ClpAP resulted in even a more efficient proteolysis, 
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Figure 1. TrfA in vitro proteolysis by E. coli ATP-dependent proteases. 
Wt TrfA protein (1.5 jig) was incubated in the reaction buffer (total 
mixture volume of 25 fil) for 2h at 32°C with ClpXP (1.5 |ig ClpX and 
1.5 Lig ClpP), ClpAP (1.5 ug ClpA and 1.5 txg ClpP), ClpYQ (1.5 txg 
ClpY and 1.5 ng ClpQ) or Lon (1.5 fig). Reactions were stopped 
at indicated times by the addition of 8 fil of 4x Laemmli buffer. 
Samples of 1 1 fil were run on SDS-PAGE and visualized by 
Coomasie staining. 



showing that ClpAP is also able to degrade TrfA (Figure 
1). The results of experiments on TrfA stability carried out 
with ClpYQ also demonstrated TrfA degradation, 
however they differed from those with ClpXP and 
ClpAP as we observed the appearance of a specific elec- 
trophoretic band corresponding to a lower molecular mass 
protein. When the TrfA protein was omitted from the 
reaction mixture, the lower molecular mass band was 
not detected (data not shown) indicating that its 
presence was a result of TrfA degradation by ClpYQ. 
Our in vitro tests with Lon protease revealed that under 
conditions used in the experiment the incubation of the 
wild-type TrfA with Lon does not result in TrfA protein 
degradation. 

The presence of DNA and protein oligomeric state 
affect TrfA proteolysis 

To test whether or not TrfA quaternary structure and the 
protein ability to bind DNA affect its processing by the 
E. coli AAA+ proteases, we performed experiments 
utilizing different TrfA variants. Wild-type TrfA remains 
as a dimer in the micromolar concentrations used during 
our in vitro proteolysis studies (20). In contrast, a previ- 
ously described TrfA mutant with G254D/S267L substi- 
tutions, located within the predicted TrfA dimer interface, 
does not dimerize and as a monomer is hyperactive 
in DNA replication initiation (13,30). We also purified 
monomeric TrfA G254D/S267L with the additional sub- 
stitution P151S which results in a protein unable to 
bind DNA (30,31). The isothermal circular dichroism 
spectra did not indicate substantial differences in the sec- 
ondary structure of the TrfA variants (Supplementary 
Figure SI A). Secondary structure content analysis of 
TrfA G254D/S267L and TrfA P151S/G254D/S267L 
were very similar and exhibited some differences in 
a-helix and [3-sheet content compared to wild-type TrfA 
(Supplementary Figure SIB). Moreover, the results of 
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chemical denaturation studies and tryptophan fluores- 
cence spectroscopy of the TrfA variants did not reveal 
any differences between TrfA P151S/G254D/S267L 
and replicationally active TrfA G254D/S267L monomers 
(Supplementary Figure SIC and D). During the chemical 
denaturation dimeric wild-type TrfA was slightly more 
stable. Light scattering studies of TrfA variants' prepar- 
ations yielded similar results for all tested proteins which 
ruled out the possibility of any of the proteins being more 
prone to aggregation (Supplementary Figure S1E). Using 
Surface Plasmon Resonance (SPR) ('Materials and 
Methods' section) we analyzed the interaction of 
wild-type TrfA and the two TrfA mutant protein 
variants with a 129 bp linear double-stranded DNA 
fragment containing the sequence of five iterons present 
in RK2 oriV. Real-time kinetics experiments demonstra- 
ted significant differences among the analyzed TrfA 
proteins in their ability to form complexes with DNA 
(Figure 2A). Whereas TrfA G254D/S267L interacted 
with DNA immobilized on a sensor chip with high effi- 
ciency, TrfA P151S/G254D/S267L nucleoprotein complex 
formation was severely impaired. Under the same experi- 
mental conditions, wild-type TrfA interacted with DNA, 
though not as efficiently as was observed for the TrfA 
G254D/S267L variant. To test if the E. coli AAA+ prote- 
ases were able to degrade the analyzed TrfA protein 
variants, in vitro proteolytic reactions were performed in 
the absence and presence of iterons-containing plasmid 
pBK20 supercoiled DNA (Figure 2B). As we observed 
in the previous experiment (Figure 1), ClpXP was able 
to degrade wild-type TrfA in the absence of plasmid 
DNA; however, the addition of DNA to the reaction 
mixture inhibited the proteolytic reaction (Figure 2B, 
compare lanes 2 and 3). Both TrfA monomeric mutants, 
TrfA G254D/S267L and TrfA P151S/G254D/S267L, were 
resistant to ClpXP degradation, regardless of the presence 
or absence of DNA in the reaction mixture. In contrast, in 
assays with ClpAP, all three TrfA variants were degraded. 
Interestingly, we found that DNA substantially stimulated 
ClpAP-dependent degradation of the dimeric wild-type 
TrfA and the TrfA G254D/S267L monomeric mutant 
(Figure 2B, lanes 2, 3, 5, 6). The stimulation of proteolysis 
by DNA was not observed for the TrfA P151S/G254D/ 
S267L monomer, which does not interact with DNA 
(Figure 2B, lanes 8 and 9).The ClpYQ protease did not 
degrade either of the TrfA monomeric variants, regardless 
of DNA presence (Figure 2B, lanes 5, 6, 8, 9) and as was 
observed for ClpXP, we found that wild-type TrfA prote- 
olysis by ClpYQ was inhibited by the addition of DNA 
(Figure 2B, lanes 2 and 3). The addition of DNA to the 
reaction mixtures revealed Lon activity toward TrfA as a 
substrate. Wild-type TrfA and the TrfA G254D/S267L 
monomeric variant were degraded by Lon only in the 
presence of DNA (Figure 2B, lanes 3 and 6). We did 
not observe any Lon-dependent proteolysis of TrfA 
P151S/G254D/S267L, the mutant protein which is not 
able to bind DNA (Figure 2B, lanes 8 and 9). It must be 
pointed out that DNA effects observed during our experi- 
ments were similar when instead of pBK20 plasmid we 
used pUC19 which does not contain oriV iterons (data 
not shown). This was probably due to non-specific TrfA 
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Figure 2. DNA affects TrfA in vitro proteolysis. Panel (A) shows the results of experiments in which DNA binding was tested for the dimeric wt 
TrfA and the monomeric mutants TrfA G254D/S267L and TrfA P151S/G254D/S267L. Sensorgrams show the SPR analysis results of binding of 
each of the TrfA variants to a double-stranded DNA fragment containing five RK2 iterons (fragl). Injections contained the indicated concentrations 
of TrfA variants in HBS-EP buffer. HBS-EP was also used as a running buffer. Panel (B) shows the results of SDS-PAGE analysis of TrfA variants 
in vitro proteolysis reactions with or without DNA in the reaction mixture. Proteolysis was carried out as described in Figure 1 with the following 
modifications: proteolysis of wt TrfA by ClpAP was performed using 150ng ClpA and 500 ng ClpP; volumes of the reaction mixtures for TrfA 
G254D/S267L proteolysis were 50fil; reactions in lanes 3, 6 and 9 contained 500 ng of supercoiled pBK20 plasmid DNA. 



interaction with pUC19 DNA. However, we could not 
exclude that also proteases bound DNA and this inter- 
action affected their activity. 

Since our in vitro experiments exposed substantial dif- 
ferences in degradation of the TrfA mutants by the E. coli 
AAA+ proteases, we decided to test the stability of these 
mutants in vivo. Tests based on translation inhibition 
(see 'Materials and Methods' section) were performed in 
wild-type E. coli and isogenic strains having mutations 
in either the clpP gene or the lon gene. The results dem- 
onstrate that all three TrfA variants were efficiently 
proteolysed in wild-type E. coli cells (Figure 3). The 
stabilities of wild-type TrfA and TrfA G254D/S267L 
slightly increased and the stability of TrfA PI 5 IS/ 
G254D/S267L significantly increased in the E. coli 
clpP~ mutant, indicating the role of ClpXP and/or 
ClpAP in the degradation of these proteins. 
Substantial stabilization of all the analyzed proteins 
was observed in the E. coli lon~ strain showing that 
Lon protease might have a major impact on the TrfA 



stability in vivo. Moreover, and consistent with our 
in vitro proteolytic tests, the TrfA P151S/G254D/S267L 
mutant was the most stable of the tested protein 
variants in vivo. 

RK2 minireplicon stability in protease-deficient or 
protease-overproducing E. coli cells 

To test how the absence of proteases affects plasmid rep- 
lication in vivo we performed RK2 minireplicon stability 
tests using wild-type and protease-deficient E. coli strains. 
The replication of mini-RK2 plasmids, which contain only 
RK2 origin of replication, trf A gene and an antibiotic re- 
sistance gene, is utterly dependent on TrfA provided in cis. 
Therefore, we used mini-RK2 derivative, plasmid pRRlO, 
carrying ampicillin resistance, in order to estimate the 
effects of protease absence on the TrfA-mediated 
plasmid replication. Although the E. coli strains with 
specific mutations in genes encoding proteases were trans- 
formed with pRRlO with similar efficiencies as the 
wild-type strain, we observed differences in the stability 
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Figure 3. In vivo stability of TrfA variants in wild-type and protease-deficient strains. The stability of TrfA protein was analyzed after inhibition of 
translation by tetracycline in TrfA-overproducing bacteria. Cells of E. coli strains C600, C600 clpP~ and C600 lon~ harboring plasmids for over- 
production of wt TrfA, TrfA G254D/S267L or TrfA P151S/G254D/S267L were used. Samples taken from the cultures at indicated time points after 
the addition of tetracycline were analyzed for TrfA presence by SDS-PAGE followed by immunoblot with anti-TrfA antibodies. 



Table 1. Stability of RK2 minireplicons in protease deficient and 
Lon-overproducing strains 



Escherichia coli C600 strain Plasmid loss rate 

(% per generation) 3 



Wild-type b 0.12 ± 0.01 

clpP- h 0.24 ± 0.02 

lon~ h 0.33 ± 0.01 

Wild-type (pBAD24) c 1.46 ± 0.05 

Wild-type (pBADLon) c 3.23 ± 0.94 



a Given values are means from three independent repeats of each 
experiment. 

b Stability of pRRlO minireplicon was analyzed in C600 and its mutant 
derivatives cultured in antibiotic-free medium 

Stability of pTJS42 minireplicon was analyzed in wild-type C600 strain 
cells carrying either pBAD24 or pBADLon cultured in ampicillin- 
containing medium. 



of pRRlO plasmid. The results of the analysis are shown 
in Table 1 . Comparing to the wild-type strain the rate of 
plasmid loss was two times higher in clpP~ strain and 
almost three times higher in lon~ strain. 

Because Lon protease appeared to have the strongest 
effect on the in vivo stability of the TrfA protein, as well 
as the mini-RK2 plasmid stability, we decided to test the 
stability of mini-RK2 derivative in Lon-overproducing 
cells. We performed stability tests of the pTJS42 
plasmid, which contains oriV, trfA gene and tetracycline 
resistance gene, in cells of E. coli C600 strain carrying 
either a plasmid with arabinose-inducible lon gene 
(pBADLon) or an empty vector (pBAD24) (Table 1). 
During the course of the experiment the cells were 
grown in ampicillin-containing medium to maintain the 
pBAD plasmids. Although for both types of cells the 
rates of mini-RK2 plasmid loss per generation were 
relatively high, most likely because of the ampicillin resist- 
ance selection, the value was over two times higher for 
Lon-overproducing cells. 

Interaction of the AAA+ proteases with DNA and TrfA 

Because our in vitro experiments showed that DNA was a 
factor affecting TrfA degradation by E. coli AAA+ pro- 
teases, we asked if proteases could interact with DNA or 
with DNA bound by the TrfA protein. To answer this 



question, we applied size exclusion chromatography 
using a Sepharose CL-4B column (see 'Materials and 
Methods' section). Experiments were performed with 
ClpX, ClpA, ClpY and Lon (Figure 4A). In a control 
experiment, neither DNA nor TrfA were present in the 
reaction mixtures. After the addition of supercoiled 
plasmid pBK20 DNA or plasmid pBK20 DNA bound 
by the wild-type TrfA, substantial amounts of ClpA and 
Lon were detected in the column void volume, indicating 
that both proteins are able to form nucleoprotein 
complexes, regardless of the presence or absence of the 
substrate protein. Under the same experimental condi- 
tions, we did not observe ClpX or ClpY (Figure 4A) as 
well as ClpP or ClpQ (data not shown) in the void frac- 
tions containing plasmid DNA. DNA binding by E. coli 
and eukaryotic mitochondrial Lon proteins has been pre- 
viously reported (32-35); however, the E. coli ClpA inter- 
action with DNA was unexpected. We applied the sucrose 
gradient fractionation to confirm that ClpA and Lon are 
able to form nucleoprotein complexes with linear DNA. 
Fluorescently labeled 350-bp long DNA fragment was 
used in the experiment. The results showed that the pos- 
itions of DNA fragment and the proteins move toward the 
bottom fractions of the gradient when two components 
are incubated together, comparing to incubation of 
either component alone (Figure 4B), although the effect 
was stronger for Lon. This indicates that both ClpA and 
Lon are indeed capable of formation of nucleoprotein 
complex not only with supercoiled, but also shorter, 
linear DNA fragment. Using SPR, we confirmed that 
result with a 129 bp pUC19 dsDNA fragment or 129 bp 
long iterons-containing dsDNA fragment. The results 
showed that both proteins can interact with analyzed 
DNA fragments (Supplementary Figure S2). To further 
characterize these interactions, we applied electrophoretic 
mobility shift assay with a 135 and 350 bp-long DNA 
probes. Presence of ClpA or Lon resulted with mobility 
shift of analyzed DNA fragments; however, the addition 
of a non-specific competitor [poly d(I-C)] decreased the 
observed effects (Supplementary Figure S3). This 
suggests that the interactions are non-specific rather than 
limited to some defined sequence present within the used 
DNA fragments. In contrast, in the control reaction with 
TrfA G254D/S267L discrete bands appear upon the 
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addition of poly d(I-C), indicating high specificity of 
binding to iterons. 

The obtained data describe Lon and ClpA interactions 
with DNA. We also decided to analyze the AAA+ prote- 
ases interactions with TrfA by ELISA. We studied the 
binding of three TrfA variants to immobilized proteins 
ClpX, ClpA, ClpY, Lon and BSA (Figure 5) and detected 
interactions of each TrfA variant with all proteins tested 
except BSA (Figure 5). Interestingly, ClpX and ClpY 
interact with the TrfA monomeric mutants TrfA 
G254D/S267L and TrfA P151S/G254D/S267L, despite 
the fact that these variants were not degraded by ClpXP 
and ClpYQ (Figure 2B). To confirm these results, we per- 
formed SPR on a CM 5 sensor chip with the wild-type 
TrfA, TrfA G254D/S267L and TrfA P151S/G254D/ 
S267L immobilized on the surface (Supplementary 
Figure S4). Injections of ClpX, ClpA, ClpY and Lon 
resulted with increase in the response signal indicating ef- 
ficient interactions between proteins and TrfA variants 
tested. 
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Figure 4. Nucleoprotein complex formation by Clp and Lon proteins. 
(A) Nucleoprotein complex formation was studied using gel filtration. 
Reaction mixtures containing ClpX, ClpA, ClpY or Lon were 
incubated for 2min at 32°C alone, in the presence of pBK20 plasmid 



Effects of DNA and substrate on ATPase activity of 
proteases 

Our experiments showed that despite the fact that DNA 
was not mandatory for TrfA interaction with the E. coli 
AAA+ proteases, it did affect proteases' activity in TrfA 
degradation. While Lon and ClpAP proteolytic activities 
were stimulated, the proteolytic activities of ClpXP and 
ClpYQ were inhibited by the presence of DNA. To 
explore the mechanism(s) for these opposing effects, we 
asked if and how the ATPase activity of the analyzed 
enzymes would be influenced by DNA and the substrate 
protein. The ATPase activity tests were performed using 
an enzymatic coupled assay (see 'Materials and Methods' 
section) and standardized using each ATPase's activity 
alone as 100%. The mixtures contained ATPase (ClpX, 
ClpA, ClpY or Lon) with TrfA protein or plasmid pBK20 
supercoiled DNA or with both components. We observed 
that plasmid DNA slightly stimulated ATPase activity of 
ClpA and Lon, while it had no effect on the activity of 
ClpX and ClpY (Table 2). The ATPase stimulation 
of ClpA and Lon was even more pronounced when both 
DNA and the wild-type TrfA were present in the reaction 
mixture (Table 2). The addition of the wild-type TrfA 
alone caused minor inhibition of the ATPase activity of 
all analyzed enzymes. This inhibition of baseline activity 
may be due to slow processing of the substrate protein by 
the tested ATPases. 



DNA or in the presence of pBK20 and wt TrfA. After the 
pre-incubation step mixtures were run through a CL-4B column in the 
column buffer. Collected fractions were analyzed by SDS-PAGE and 
silver staining for the presence of proteins and by agarose electrophoresis 
for the presence of DNA. Plasmid DNA was found in the same fractions 
in all experiments (top panel). (B) Sucrose gradient fractionation of nu- 
cleoprotein complexes formed by ClpA and Lon with 350 bp-long DNA 
fragment was performed as described in 'Materials and Methods' 
section. Reactions contained DNA alone, protein alone or both compo- 
nents. Graphs show the amount of DNA and protein in the collected 
fractions. Asterisks in the graph legend indicate which component was 
detected. Arrows indicate the positions of nucleoprotein complexes. 
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Figure 5. Interactions of Clp and Lon proteins with TrfA variants. Binding of TrfA variants to Clp chaperones and Lon was analyzed by ELISA as 
described under 'Materials and Methods' section. BSA protein was used as a negative control. 



Table 2. Effect of TrfA and DNA on ATPase activity of Clp chaper- 
ones and Lon 



ATPase 




ATPase activity (%) a 


+ wt TrfA 


+ DNA 


+ wt TrfA, DNA 


ClpX 


83.1 ± 3.4 


90.3 ± 6.8 


92.8 ± 3.4 


ClpA 


84.1 ± 7.3 


127.7 ± 12.4 


143.2 ± 10.6 


ClpY 


89.9 ± 2.4 


91.9 ± 3.3 


85.2 ± 2.4 


Lon 


78.0 ± 15.6 


104.2 ± 7.7 


181.5 ± 30.4 



a Given values are means from three independent repeats of each ex- 
periment. Results were normalized to the activity of each ATPase 
alone. 



TrfA proteolysis stimulation by DNA depends on the 
order of addition of reaction components 

To further analyze the mechanism(s) of how DNA affects 
the proteases activity, we designed experiments in which 
the order of addition of the reaction components varied. 
The reactions were designed to test if pre-formation of 
complexes consisting of protease, TrfA and DNA could 
stimulate or inhibit subsequent proteolytic reaction. The 
results showed that ClpAP proteolytic activity was highest 
when the TrfA protein was pre-incubated with ClpAP for 
2min before the addition of DNA or when TrfA, the 
protease and the DNA were added at the same time 
(Figure 6 top panel). As we observed in our previous ex- 
periments (Figure 2B), Lon proteolytic activity toward 
TrfA was detected only in the presence of DNA (Figure 
6 lower panel). Regardless of the addition order, when 
DNA was present in the reaction mixture, we observed 
TrfA degradation by Lon. The most efficient degradation 
occurred when TrfA was pre-incubated for 2 min with Lon 
before the addition of DNA, or when all three reaction 
components, TrfA, Lon and DNA, were added at the 
same time. These results suggest that both ClpAP and 
Lon, when complexed with the substrate protein, can 
interact with DNA, and this interaction most probably 
stimulates the proteolytic reaction. Using variable 
addition order of reaction components, we also conducted 
proteolytic tests with ClpXP and ClpYQ (Supplementary 



Figure S5). The results showed that regardless of the order 
of addition of the reaction components, DNA had a 
similar inhibitory effect on both proteases. 

The analysis of Lon-Trf A-DNA nucleoprotein complex 
formation 

The TrfA variant with substitutions P151S/G254D/ 
S267L, which we showed to interact with both ClpA 
and Lon (Figure 5 and Supplementary Figure S4) but 
was DNA binding deficient (Figure 2A), allowed us to 
further analyze the interaction of the proteases with 
DNA. To test the possibility that Lon could interact 
with DNA in the substrate-bound state, we applied the 
SPR method allowing for the real-time analysis. 
Unfortunately, due to limitations of the SPR method, 
we were not able to find appropriate buffer conditions 
to study the interaction of the ClpA-TrfA complex with 
DNA. Thus, experiments were performed only with Lon 
and the TrfA P151S/G254D/S267L mutant. It must be 
noted that TrfA P151S/G254D/S267L while being able 
to be bound by Lon, was not degraded by this protease 
(Figure 2B). The protease and the substrate, together or 
alone, were incubated prior to injection onto a sensor chip 
with the immobilized pUC19 dsDNA fragment. In control 
experiments, Lon alone gave a response signal similar to 
the preformed Lon-Trf A complex, while the TrfA mutant 
alone did not interact with the dsDNA fragment efficiently 
(Figure 7A). These results showed that when the protease 
forms a complex with TrfA, it retains the DNA binding 
ability. We also tested if the TrfA mutant protein was able 
to interact with Lon bound to DNA (Figure 7B). Lon 
injection onto the sensor chip containing the pUC19 
dsDNA fragment increased the response signal, indicating 
Lon-DNA interaction. Subsequent injection of TrfA 
P151S/G254D/S267L did not result in a further response 
signal increase. These results demonstrated that the TrfA 
mutant protein is not able to interact with Lon when 
the protease is bound to DNA. It is consistent with the 
order of addition experiment results obtained for Lon 
(Figure 6) and explains why we observed only partial 
proteolysis stimulation after initial Lon preincubation 
with DNA. 
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Figure 6. Addition order of reaction components affects the efficiency 
of TrfA degradation by ClpAP and Lon in vitro. TrfA proteolysis 
reactions were performed essentially as described in 'Materials and 
Methods' section. The volumes of reaction mixtures were 25 ul. 
Reaction components — wt TrfA, pBK20 and protease (ClpAP or 
Lon) — were mixed together in different orders. For reactions 3-5, the 
mixtures containing two components were initially pre-incubated for 
2min at 32°C, then the remaining component was added. For reactions 
1 and 6, there was no pre-incubation step. All reaction mixtures were 
further incubated for 2h at 32°C and analyzed by SDS-PAGE, 
followed by Coomasie staining and densitometric analysis of the 
amount of TrfA. All bars on the graphs represent mean results of 
three independent experiments. Amounts of proteases used were 
150ng ClpA and 500 ng ClpP or 1.5 Lon. 



DISCUSSION 

TrfA protein is a universal substrate for AAA+ proteases 

In the present study, we demonstrate that the TrfA protein 
is recognized and processed essentially by all E. coli 
AAA+ cytoplasmic proteases including ClpXP, ClpAP, 
ClpYQ and Lon. It was observed previously that prote- 
ases have overlapping specificities toward some substrates 
(36,37). However, we show for the first time that all E. coli 
cytosolic proteases are capable of degradation of a single, 
specific substrate, which is a key player in plasmid repli- 
cation. During our experiments, the observed TrfA prote- 
olysis by the ClpYQ protease was incomplete and resulted 
in the partial protein degradation. Most likely TrfA is 
released by the protease after partial proteolysis. Similar 
degradation product was also observed during TrfA 
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Figure 7. Formation of Lon-TrfA-DNA nucleoprotein complex. For- 
mation of nucleoprotein complex involving Lon and TrfA in real-time 
was studied using SPR on a sensor chip with immobilized pUC19 
DNA fragments (frag2) on its surface. Buffer used for the analysis 
was HBS-EP supplemented with lOmM magnesium acetate and 
2mM ATP. (A) Lon (200 nM), TrfA P151S/G254D/S267L (80 nM) or 
both were pre-incubated for 2min in HBS-EP and subsequently 
injected onto sensor chip. (B) Injection of 200 nM Lon (solid line) or 
buffer (dashed line) onto sensor chip was rapidly followed by injection 
of 80nM TrfA P151S/G254D/S267L. 



processing by ClpXP (13). In contrast to ClpXP and 
ClpYQ, the degradation of TrfA by ClpAP and Lon 
was more efficient. According to the in vivo protein stabil- 
ity tests, Lon appears to be the main cellular protease re- 
sponsible for TrfA proteolysis. 

TrfA quaternary structure affects its proteolysis by 
ClpXP and ClpYQ but not by ClpAP and Lon 

Experiments presented in this work show that TrfA 
oligomeric state affects its proteolysis by both ClpXP 
and ClpYQ, which are able to degrade TrfA dimers 
only. Previously, we demonstrated that ClpXP degrades 
TrfA both in vivo and in vitro, and this proteolysis was also 
limited to the dimeric form of the protein (13). 
Interestingly, current data shows that both ClpX and 
ClpY interact with TrfA dimers and monomers indicating 
that the proteases' inability to degrade monomeric TrfA is 
not a result of an inability to recognize it. Changes in 
quaternary structure of the target protein were proposed 
to affect degrons accessibility and therefore the efficiency 
of proteolysis (7). For example, it was demonstrated that 
the UvrA protein is protected from degradation upon its 
interaction with UvrB (38). It was also shown that UmuD' 
is a substrate for the ClpXP protease, but for the efficient 
proteolysis to commence, it must form a heterodimer with 
its precursor, UmuD (39). Our results show that although 
the changes in quaternary structure do not substantially 
affect substrate recognition, they may dramatically 
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affect substrate processing by AAA+ protease. In contrast 
to ClpXP and ClpYQ, ClpAP and Lon are able to fully 
degrade TrfA dimers and monomers with similar 
efficiencies indicating that these proteases are not sensitive 
to changes in TrfA oligomeric state. 

DNA as a factor inhibiting TrfA proteolysis by ClpXP 
and ClpYQ 

Our experiments revealed that DNA tremendously affects 
the activity of E. coli AAA+ proteases in the degradation 
of TrfA protein. DNA presence in the reaction inhibits 
ClpXP and ClpYQ proteolytic activity toward TrfA, yet 
has no effect on the ATPase activity of these proteases' 
unfoldase units. The inhibition of proteolytic activity was 
observed regardless of the order of addition of reaction 
components. Since we show that ClpX and ClpY (as well 
as ClpP and ClpQ) do not interact with DNA, the 
observed inhibition of TrfA degradation by DNA must 
be a result of TrfA interaction with DNA. Our ELISA 
and SPR results clearly demonstrate that TrfA is 
recognized and can be bound by ClpX and ClpY 
ATPases. However, when the TrfA protein binds DNA, 
it is no longer recognized either by ClpX or ClpY, as we 
did not observe their interaction with DNA-TrfA 
complex in the size exclusion chromatography. Con- 
sistently with our observations on TrfA, it was shown 
that binding of XO protein to ori lambda DNA protects 
it from degradation by ClpXP (40). Similar effects have 
been reported for SoxS and ZntR proteins (41,42). 
Another example of the altered specificity of substrate rec- 
ognition upon formation of a nucleoprotein complex is 
the remodeling of the bacteriophage Mu strand transfer 
complex. Although the Mu strand transfer complex 
contains a MuA tetramer, in vitro experiments indicate 
that ClpX unfolds only one MuA subunit (43). 

DNA as a factor stimulating TrfA proteolysis by 
ClpAP and Lon 

While DNA presence in the reaction inhibits ClpXP and 
ClpYQ proteolytic activities toward TrfA, it stimulates 
TrfA degradation by ClpAP and Lon. We observed 
similar stimulatory effects on the proteolysis of other rep- 
lication initiators: RepE of plasmid F and AO of bacterio- 
phage X (S. Kubik. and I. Konieczny, unpublished data), 
which suggests that the phenomenon might be common 
for this class of protease substrates. Here, we performed 
experiments with TrfA to elucidate the mechanism 
underlying this stimulation. It must be pointed out that 
our results clearly demonstrate that ClpAP alone can 
degrade TrfA, and DNA only enhances the extent of 
this degradation. In contrast, TrfA degradation by Lon 
is strictly DNA dependent. Similar strict dependency 
was reported for polyphosphate-induced ribosomal 
proteins degradation by Lon (44,45). Our data obtained 
from size exclusion chromatography, sucrose gradient 
fractionation, SPR and EMSA demonstrate that, in 
contrast to ClpX and ClpY, ClpA and Lon can interact 
with both supercoiled and linear DNA. These interactions 
appear not to be sequence specific. DNA binding by bac- 
terial, as well as eukaryotic mitochondrial Lon proteins 



has been previously reported (32-35), however the 
E. coli ClpA interaction with DNA was unexpected. 
Although the structure and functions of Lon have been 
studied extensively the exact location of the DNA binding 
domain is still unknown (45-47). ClpA does not contain 
any well known DNA binding motifs. By utilizing bio- 
informatic approach with different algorithms, we found 
two particular regions of ClpA that have a potential to 
interact with DNA (S. Kubik. and I. Konieczny, unpub- 
lished data). However, in ClpA hexamer (48), both motifs 
are not exposed to the surface; therefore, their involve- 
ment in the process of DNA binding and proteolysis 
stimulation is arguable. Similar approach did not yield 
results for Lon. 

It could be considered that the ClpA and Lon inter- 
actions with DNA stimulate the enzymes ATPase 
activities, which might result in a more efficient proteoly- 
sis. In our experiments, the ATPase activities of Lon and 
ClpA were only slightly stimulated by DNA alone; 
however, the presence of both DNA and TrfA substan- 
tially increased ATP hydrolysis of both enzymes. This 
result ruled out the possibility that DNA simply acceler- 
ates the turnover of proteases' unfoldase units and it is 
consistent with previous reports showing that the 
ATPase activity of Lon was enhanced by DNA in the 
presence of casein (49,50). 

Our data demonstrate that both ClpA and Lon are able 
to interact with DNA, regardless of the presence of the 
substrate protein (Figure 4). Since TrfA also binds DNA, 
it makes the analysis of the mechanism of proteolysis 
stimulation by DNA very complex. Identification of the 
nature and the kinetics of the interactions is a key to 
understanding the stimulatory effect of DNA on the pro- 
teases activities. ClpA and Lon can bind the wild- type 
TrfA and the analyzed TrfA mutant proteins in the 
absence of DNA. This indicates that the substrate 
protein interaction with DNA is not needed for its recog- 
nition by ClpA and Lon. Interestingly, the lack of the 
proteolysis stimulation with the DNA-binding defective 
mutant TrfA P151S/G254D/S267L suggests the import- 
ance of substrate-DNA interaction for its degradation. 
As tested in this work, TrfA P151S/G254D/S267L is 
more stable in vivo than DNA-binding variants of the 
protein. Interestingly, the Lon-dependent degradation of 
casein and globin, non-physiological Lon substrates that 
do not form nucleoprotein complexes, is also stimulated 
by the addition of DNA (49,50). Taken together these 
results indicate that Lon activity could be stimulated by 
the protease direct interaction with DNA or both the 
protease and substrate interactions with DNA. 

Our data show that ClpA and Lon bind the substrate 
protein and DNA. Therefore, when TrfA forms a nucleo- 
protein complex, the protease can bind DNA at a location 
distant from such a complex, which decreases the possi- 
bility of its interaction with TrfA. This could explain 
the inefficient DNA stimulatory effect during our experi- 
ments when TrfA was incubated with DNA prior to the 
addition of the protease (Figure 6). The same mechanism 
could explain the fact that only a slight stimulation (Lon) 
or no stimulation at all (ClpAP) was observed when the 
protease-DNA complex was formed before TrfA 
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Figure 8. Model explaining the effect of DNA on TrfA proteolysis by 
Lon. Both Lon and TrfA possess DNA-binding ability. Lon associates 
with TrfA but is not able to degrade it efficiently, unless the Lon-TrfA 
complex binds to DNA. This binding triggers the proteolysis of sub- 
strate protein. 



addition. The extent of proteolysis stimulation by DNA 
was the highest when TrfA and ClpAP or Lon were 
pre-incubated prior to the addition of DNA or when all 
components were added simultaneously. Interestingly, the 
SPR experiments with TrfA P151S/G254D/S267L show 
that the formation of the Lon-TrfA complex does not 
inhibit Lon interaction with DNA but when the protease 
forms a complex with DNA as it is not able to further 
interact with TrfA (Figure 7). It has been suggested earlier 
that Lon may become 'entrapped' by DNA to prevent 
uncontrolled proteolysis (51). These data also explain 
weak stimulation of Lon when the protease-DNA 
complex was formed before TrfA addition. Our results 
indicate that the protease-substrate complex must be 
pre-formed before DNA can trigger its stimulatory 
effect. We cannot exclude that Lon can also interact with 
TrfA already bound to DNA. Clearly the degradation 
of TrfA by Lon can be carried out only on DNA (Figure 
8). Lon was reported to co-localize with the nucleoid 
(52,53) and was proposed to be a possible factor respon- 
sible for degradation of various DNA-binding regulatory 
proteins. Our results demonstrate that indeed a DNA rep- 
lication protein, when interacting with DNA, is subjected 
to efficient degradation by Lon protease. 

Although the already published data, as well as data 
presented in the current study, demonstrate that the 
TrfA protein can be processed by chaperones or proteases 
in vitro (8,9,13), the in vivo tests (8) did not reveal to date, 
if and how those proteins could affect RK2 plasmid 
activity in bacterial cells. The reason for this is the TrfA 
specificity as a universal substrate, which results in the 
overlapping activities of chaperones and various proteases 
toward this protein. In the presented work, we demon- 
strate that a specific host protease, namely Lon, affects 
the stability of RK2 derivatives which was slightly 
decreased by both the absence and the overproduction 
of Lon. Direct and indirect effects of Lon activity on the 
plasmid stability cannot be excluded; however, we show 
that Lon can degrade TrfA both in vivo and in vitro. Since 



TrfA proteolysis by Lon is limited to nucleoprotein 
complexes, the initiation complex, as well as 'handcuff 
structure formed by TrfA on plasmid RK2 DNA, are 
likely candidates for Lon activity. 

SUPPLEMENTARY DATA 
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